Objectives: Liver disease is an important contributor to morbidity and mortality in patients after Fontan surgery. There has been no large-scale survey of liver health in this population. We sought to explore the prevalence and predictors of liver disease in a multicenter cohort of adults with Fontan physiology.
Perspective
As more people with Fontan circulation survive into adulthood, dysfunction of other organ systems has become apparent. In this first multicenter study of adults with Fontan circulation, evidence of liver disease is seen almost universally, but few correlations with clinical features are found. Clinicians caring for patients with Fontan circulation should include assessment of the liver as part of routine surveillance.
See Editorial Commentary page 665.
The development of the Fontan procedure was a major milestone in the management of patients with functionally univentricular hearts. 1 The rerouting of systemic venous blood directly into the pulmonary circulation results in near normalization of systemic oxygen saturation and ventricular volume load. With current techniques, 15-year survival after the Fontan operation approaches 95%. 2 Long term, however, compromised ventricular preload and increased ventricular afterload and central venous pressures lead invariably to complications that may include Gastroenterology, and Departments of arrhythmias, congestive heart failure, renal insufficiency, plastic bronchitis, protein-losing enteropathy (PLE), and liver disease. 3 Liver disease has received much attention in recent years as more patients with Fontan circulation enter adulthood and as its impact on long-term morbidity in this population has become apparent. 4 Increasingly frequent reports of hepatocellular carcinoma (HCC) among patients with Fontan physiology have raised particular concern. 5 Studies detailing the prevalence of liver disease in patients with Fontan circulation have been restricted to single-center reports consisting of small numbers of patients [6] [7] [8] [9] [10] or with a short period of follow-up. [11] [12] [13] In addition, few have included histopathologic data, which is still considered the ''gold standard'' for diagnosis of hepatic fibrosis. Biochemical markers of liver disease and hepatic imaging data are more readily available for patients with Fontan circulation but may not accurately reflect the histological changes that are present on biopsy. [7] [8] [9] [10] As such, the prevalence of liver disease and the factors that contribute to more significant liver involvement remain incompletely understood.
To gain better insight into liver health in this population and to form a basis for further prospective studies, the Alliance for Adult Research in Congenital Cardiology (AARCC) sought to document the prevalence of liver disease and its associated factors in a large, diverse group of adult patients with Fontan physiology. We hypothesized that abnormalities in liver-related serum markers, imaging studies, and histopathology are highly prevalent in this population and are likely to be more pronounced in those with more significant hemodynamic derangement or with more long-standing Fontan circulation.
METHODS

Study Design
This was a multi-institutional, cross-sectional, observational study. Subjects were patients 16 years of age or older who had undergone Fontan surgery and who presented to 1 of 6 US adult congenital heart disease (ACHD) centers for evaluation from September 2009 through April 2012. The protocol was developed by the core institution (Boston Children's Hospital, Boston, Mass) and was subsequently refined and approved by members of AARCC. Subjects were excluded if they had a history of cardiac transplantation, inherited forms of liver disease (including hereditary hemochromatosis, Wilson disease, a1-antitrypsin deficiency, and cystic fibrosis) or autoimmune hepatitis. The protocol was approved by each center's institutional review board, and written informed consent was obtained when applicable.
A suggested algorithm for comprehensive assessment of the patient with Fontan circulation, based on established care guidelines and expert consensus, was provided to all centers ( Figure 1) ; however, each subject underwent only those studies deemed clinically indicated by the primary cardiologist. Standardized case report forms were used for data collection, which included basic demographic information, primary congenital cardiac diagnosis as designated using standardized nomenclature, 14 date of initial Fontan operation, type of initial Fontan operation, other surgical procedures performed, and current medications. Additional data were obtained within 6 months of liver biopsy, or within any 1-year period if no biopsy was performed, including hemodynamics; imaging parameters of cardiac function 15 ; cardiopulmonary exercise testing; and laboratory studies, including complete blood count, basic metabolic panel, and liver function tests. For enrolled subjects who had undergone prior liver biopsy, including before 16 years of age, data collected from the 6 months before and after liver biopsy were used. Normal ranges for each center were obtained for use during data analysis.
Hepatic imaging studies included computerized tomography (CT) or magnetic resonance imaging (MRI). These were sent to the core center (Boston Children's Hospital/Brigham and Women's Hospital) in DICOM format where they were reviewed by 2 radiologists (NIS, AJH) who were blinded to all clinical data other than history of Fontan surgery. Cardiac CT and MRI studies, when available, were also reviewed by these radiologists for usable data related to liver health. Available liver biopsies were stained with hematoxylin and eosin, Masson trichrome, and reticulin stain and shipped to the core center for analysis by 2 pathologists (RDO, MEJ), blinded to all clinical data other than history of Fontan surgery. The specimens were graded semiquantitatively for a number of features according to a predetermined scoring system outlined in Table 1 , including a scoring scheme for portal fibrosis modified from the METAVIR criteria to provide finer detail in cases of more advanced fibrosis. 16 
Statistical Analysis
Categorical data are presented as n (%) and continuous data are presented as median and range or median and interquartile range as indicated. Characteristics were compared between groups using the Fisher exact test for categorical variables and the Wilcoxon rank sum test for continuous variables. Spearman's rank correlation was used to assess the relationships between ordinal sinusoidal and portal fibrosis scores and 
RESULTS
Patient Characteristics
A total of 241 subjects were enrolled at 6 ACHD centers. Baseline characteristics of the cohort are summarized in Table 2 . Compared with previous studies, our cohort was older, with a median age of 25.8 years (range 11.8-59.4 years) and median time since Fontan surgery of 20.3 years (range 5.4-34.5 years). Most had a contemporary-type initial Fontan (53% lateral tunnel, 2% extracardiac conduit). The most common primary cardiac diagnoses were tricuspid atresia (34%) and double-inlet left ventricle (24%). Fontan conversion had been performed in 17% of subjects, 72% to an extracardiac connection and 28% to a lateral tunnel.
The clinical status of subjects varied broadly. The most common complication was arrhythmia, with history of such reported in 61% of subjects. Moderate or worse ventricular dysfunction was present in 17% of subjects, and moderate or worse atrioventricular valve regurgitation was present in 15%. Otherwise, reported post-Fontan complications were relatively few.
General Findings
Excluding a small group of patients who had no liver studies reported (n ¼ 20), only 6% of the remaining cohort (n ¼ 13 out of 221) had completely normal assessment of liver health. This group consisted entirely of patients with no radiographic or histologic liver studies.
Laboratory Findings
At least one laboratory value was available for 217 (90%) subjects. Results are summarized in Table 2 . In 84% of patients in whom laboratory studies were performed, at least 1 laboratory value was abnormal. The most commonly and most significantly abnormal was gamma glutamyl transpeptidase (GGT), which was elevated in 75% of patients (median 69 U/L [interquartile range (IQR) 46-111]). Thrombocytopenia was present in 41% of subjects, but most exhibited only mildly depressed platelet counts (median 165 K cells/mL [IQR 126-219]). Most patients had normal to slightly elevated transaminases, alkaline phosphatase, and total bilirubin and normal to slightly depressed albumin. 
Imaging Findings
Hepatic imaging was available for 54 (22.4%) subjects (45 CT, 9 MRI). All studies demonstrated at least 1 abnormal finding, with heterogeneous enhancement of the liver being seen in nearly all cases (98%) and an irregular liver contour seen in half ( Figure 2 ). Varices, ascites, and splenomegaly, findings previously reported to be associated with major adverse events in patients with Fontan circulation, were seen in 17%, 32%, and 40% of studies, respectively.
Histopathology Findings
Liver biopsy was performed in 75 (31.1%) subjects, 68 of which were judged to be adequate for histopathologic analysis. Of the 68 specimens used for analysis, 54 were obtained via a transvenous approach, 13 were obtained via percutaneous approach, and 1 was obtained at autopsy for a subject who died after enrollment. The original slides for 2 subjects could not be located for analysis by the pathologists. Of the 5 that were inadequate for analysis, all were performed through a transvenous approach. Subjects who underwent biopsy tended to be older (27.9 vs 23.9 years, P ¼ .02) and were more likely to have initially undergone an atriopulmonary (47% vs 32%) or atrioventricular (11% vs 3%) Fontan operation, and therefore were more likely to have undergone Fontan conversion. Twenty of the biopsied patients had undergone conversion to a lateral tunnel 7 or extracardiac connection. 13 Biopsied patients also were more likely to have an abnormal GGT, albumin, or platelets, and were more likely to have a history of arrhythmia or ascites (Table 2) .
Liver biopsy was abnormal in every case, with sinusoidal dilation and sinusoidal fibrosis seen nearly universally (Table 3) . Sinusoidal fibrosis was seen in 97% of cases, with 41% of subjects falling in the highest stage (stage 3). Portal fibrosis was seen in 90% of cases; 27% of cases showed evolving cirrhosis (stage 4) and 6% showed established cirrhosis (stage 5). (Figure 3, A and B) . Necroinflammatory lesions were less common and were nearly always mild when present. Iron deposition, steatosis and lipofuscin were uncommon and, when present, almost always mild.
Correlations Between Modalities
In 71 subjects with both laboratory and biopsy data, there was no correlation between number of abnormal laboratory findings and either stage of sinusoidal fibrosis (r s ¼ 0.21, P ¼ .17) or stage of portal fibrosis (r s ¼ 0.20, P ¼ .11). Individuals with at least 1 abnormal laboratory value had significantly higher median sinusoidal fibrosis stage (2 vs 1, P ¼ .007) and median portal fibrosis stage (3 vs 1, P ¼ .003).
For the 23 subjects with both imaging and biopsy data, there was no correlation between number of abnormal imaging findings and either stage of sinusoidal fibrosis (r s ¼ 0.05, P ¼ .86) or stage of portal fibrosis (r s ¼ À0.09, P ¼ .70). We found no significant correlation between any specific imaging abnormality and stage of sinusoidal or portal fibrosis. Finally, in 54 subjects with both laboratory and imaging data, the median number of abnormal imaging findings was no different between patients with at least 1 abnormal laboratory value and those with no abnormal laboratory values (5 vs 6, P ¼ .32).
Clinical-Histopathological Correlations
Few laboratory findings were predictive of sinusoidal or portal fibrosis stage. An albumin below the lower limit of normal (n ¼ 5) correlated with a lower sinusoidal fibrosis stage (1 vs 2; P ¼ .02) and with a lower portal fibrosis stage (0 vs 3; P ¼ .002). Only one of the subjects with low albumin was noted to have PLE. A significant relationship was seen between Hgb A1c and portal fibrosis stage (r s ¼ 0.63; P ¼ .009) but not sinusoidal fibrosis stage (r s ¼ 0.42; P ¼ .13). Hgb A1c measurements were all normal or only mildly increased (range 4.9%-6.2%), so the clinical significance of this finding is unclear. No correlation was seen between Hgb A1c and steatosis or between body mass index and portal fibrosis stage or sinusoidal fibrosis stage.
There was no significant correlation among gender; age; age at initial Fontan; time since initial Fontan; anatomic diagnosis; type of initial Fontan operation; history of palliative operations before Fontan completion; history of Fontan revision; ventricular dysfunction; valvular regurgitation; hemodynamic parameters; or clinical history of clinical complications, such as congestive heart failure, arrhythmia, or ascites, and either sinusoidal fibrosis or portal fibrosis. Subjects who were taking beta-blockers had a slight tendency toward lower portal fibrosis stage (17) 20 (12) 22 (30) .002
Measures are presented with n ¼ number of subjects with available data; if not designated, entire cohort of 241 subjects is reported. NS, Not significant; RA, right atrium; RV, right ventricle; PA, pulmonary artery; AST, aspartate aminotransferase; ALT, alanine aminotransferase; GGT, gamma glutamyl transpeptidase.
than those who were not (P ¼ .05). No other medications correlated with stage of sinusoidal or portal fibrosis. Among previously identified predictors of poor outcomes, there was no significant correlation between MELD-XI score, 17 VAST score, 18 or peak relative VO2 19 and presence of either sinusoidal fibrosis or portal fibrosis on biopsy specimens.
DISCUSSION
Current evidence suggests that liver disease contributes to earlier mortality in adults after Fontan surgery. 17 This study is the first multicenter effort to characterize liver health in a large population of adults with Fontan circulation and includes the most representative population to date. Regardless of testing modality, the prevalence of abnormal markers of liver disease among adults with Fontan circulation is remarkably high, with more than 94% of 221 patients tested having some evidence of liver abnormality. Even among patients with no reported history of post-Fontan complications, the prevalence of liver disease exceeded 86%. The severity of histopathologic disease among the 68 biopsy specimens was notable as well, with 33% of cases showing regenerative, or cirrhotic, nodules, and 18% of those, or 6% of the total, showing established cirrhosis. This is even higher than previously observed in patients with advanced heart failure unrelated to congenital heart disease undergoing evaluation for ventricular assist device or cardiac transplantation. 20 The recognition that liver disease can be linked to heart and lung disease is not a recent one. Hepatic fibrosis resulting from congestive heart failure has long been described as a primarily sinusoidal process with portal tract involvement in only the most advanced cases. This type of hepatopathy is thought to be related primarily to increased central venous pressures, which, over time, result in hepatic injury and fibrosis due to sinusoidal stasis, stromal stretch, and compression of adjacent hepatocytic plates. 21 Fibrosis in the portal distribution tends to be associated more with inflammatory liver diseases, such as viral hepatitis, toxic injury related to alcohol or medications, or nonalcoholic fatty liver disease (NAFLD). However, consistent with other reports, we find portal involvement in patients with Fontan circulation at all stages of sinusoidal fibrosis, suggesting that factors other than increased central venous pressure may be contributing to their liver injury.
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Studies of liver disease in Fontan circulation have focused on varying modalities that have included serum biomarkers; measurement of liver stiffness; ultrasound, CT, or MR imaging; biopsy; and autopsy. [7] [8] [9] [10] 12, 13, [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] It has remained difficult to draw generalizable conclusions from these studies because correlation between noninvasive testing and severity of histopathologic disease in this population has not been demonstrated. Studies that do focus on histopathology have remained largely retrospective, limited to small numbers, and subject to indication bias (ie, sicker patients are more likely to undergo biopsy).
No correlation between noninvasive testing and severity of fibrosis on liver biopsy was noted in our study. Neither the absolute number of imaging abnormalities nor any individual imaging findings correlated significantly with degree of fibrosis on biopsy. With the exception of a seemingly paradoxical relationship between albumin and fibrosis, no specific biomarker correlated with more advanced hepatic fibrosis. Similarly, no elements of patient clinical history were able to identify those subjects in whom histopathologic evaluation demonstrated more severe fibrosis. No factors previously reported to be related to portal and sinusoidal fibrosis (time since Fontan completion, age at Fontan operation, heterotaxy syndrome, platelet count, and hepatic vein pressure 7, 8, 10 ) were found to correlate significantly with severity of either portal or sinusoidal fibrosis in our study.
The correlation between low albumin and lower sinusoidal and portal fibrosis stages was unexpected. It may be that the primary mechanism for liver dysfunction in Fontan physiology is not enhanced extracellular matrix deposition, but rather some degree of direct hepatocyte injury resulting from chronic congestion. As well, a lower serum albumin may be a reflection of poorer nutritional indices in persons with single ventricle physiology or a manifestation of subclinical or undiagnosed PLE rather than a marker of primary liver disease. Increasing Hgb A1c correlated with more severe portal fibrosis; associations are known to exist between liver disease and insulin resistance, and between diabetes and NAFLD, which is associated with progressive hepatic fibrosis in a primarily portal distribution. 34 However, Hgb A1c did not appear to correlate with steatosis, as might be expected. This newly detected association warrants further evaluation. It is difficult to determine whether the poor correlation among imaging, laboratory, and histologic assessment of liver disease is due to the poor diagnostic yield of the former 2 or to limitations of the latter. Although often considered the ''gold standard'' for diagnosis, studies in other forms of liver disease have identified shortcomings of liver biopsy, such as interobserver variability and sampling error, particularly in disease processes in which fibrosis is unevenly distributed. 35, 36 This also may explain the poor correlation between histopathology findings and known predictors of major adverse outcomes.
Although it may be easy to find reassurance in the poor correlation between degree of hepatic fibrosis and patient clinical status, the clinical importance of recognizing advanced liver disease in the Fontan population cannot be overstated. 17 Currently, the Society of Thoracic Surgeons National Database includes at least 800 patients undergoing Fontan operation annually. 37 If, by 25 years of age, all of these patients will have developed significant liver disease, with 25% of them having congestive heart failure, the implications for subsequent resource utilization (ie, heart transplant, combined heart-liver transplant, or potentially durable mechanical support at some future time) are staggering. Furthermore, coexisting liver disease in the patient with Fontan circulation has presented a barrier to heart transplantation in many cases. 38, 39 In others, unappreciated liver dysfunction may contribute to increased postoperative mortality. More recently, reports of HCC among older patients with Fontan physiology have been generating particular concern. 5 With the exception of hepatitis B, HCC rarely arises in the absence of cirrhosis. In cirrhosis, within regenerative nodules, hepatocytes can undergo dysplastic changes that can eventually progress to HCC at a rate of 1% to 4% per year. The estimated 5-year survival rate for HCC is 9% and falls to less than 5% for those who remain untreated. 40 In this context, the frequency with which regenerative nodules were seen on liver biopsy in our study becomes particularly alarming.
Experts advocate surveillance for HCC in patients with Fontan circulation who are at risk. Unfortunately, how best to identify those who warrant screening for HCC and the most appropriate screening intervals and modalities are unknown. For this reason, we advocate a proactive approach to surveillance of liver health in the Fontan population that involves some combination of regular laboratory work, hepatic imaging, and liver biopsy when appropriate. However, clinicians must proceed with caution when interpreting such data in patients with Fontan physiology, and collaboration with a hepatologist is strongly recommended. Further studies looking beyond correlations with histopathology and focusing instead on correlations with adverse outcomes, including HCC, are needed to guide our management of this complex patient group.
Limitations
Our study has important limitations. Liver biopsy was only performed when felt by the managing physicians to be clinically indicated. However, the investigators adopted an aggressive approach to assessment of liver health in this cohort of adults with Fontan circulation, and, in many cases, we performed transvenous liver biopsy for screening purposes at the time of a cardiac catheterization, an electrophysiology study or ablation, or a pacemaker procedure. This is reflected in the large proportion of biopsies that were performed via transjugular approach as opposed to a percutaneous approach (79.4% vs 19.1%). Nevertheless, because not all subjects underwent liver biopsy, our population probably remains somewhat skewed toward sicker patients.
In addition, it remains unclear whether liver biopsy is the most reliable diagnostic test in Fontan liver disease. Heterogeneous distribution of hepatic fibrosis could result in sampling error and underestimation of hepatic fibrosis. Although overestimation of hepatic fibrosis is also a possibility, the observation of regenerative nodules, even if confined to a small region of the liver, may put the patient at risk for developing HCC. As such, these patients likely warrant ongoing surveillance, even if the overall degree of liver disease is mild.
Finally, 41% of the patients in our cohort had an unknown or unreported hepatitis C status. The proportion of patients with unknown hepatitis C status was smaller among those who had undergone liver biopsy, but still approached 25% in that subgroup. This reflects the patient population likely to be encountered in practice, however, in which hepatitis C status is often forgotten or never checked despite recommendations to do so. Among those in our study with known hepatitis C status, we found no correlation with degree of sinusoidal or portal fibrosis.
CONCLUSIONS
Evidence of liver disease is seen almost universally in adults who have undergone Fontan surgery, even in those who would otherwise be considered ''well.'' In as many as 33% of cases, degree of histological liver disease is severe and may identify a subgroup of patients who are at increased risk for major adverse outcomes, which may include HCC. Few correlations were identified between degree of histopathologic liver disease and patient characteristics or findings on noninvasive testing. Further research is needed to identify the patients at highest risk for significant liver disease. It remains prudent for clinicians caring for adults with Fontan physiology to adopt a surveillance strategy that includes periodic laboratory testing, dedicated hepatic imaging, a low threshold for pursuing tissue diagnostics, and collaborative care with a hepatologist.
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